ABSTRACT
INTRODUCTION
Nucleate boiling is a very efficient mode of heat transfer. A large number of nucleate boiling studies have been published in the literature, ever since Nukiyama [1] obtained the first boiling curve in 1934. Although nucleate boiling under forced convection has been studied for many years in order to understand this complex phenomenon, some important aspects of the problems have not been resolved, such as the variation of contact angle along the bubble base and bubble lift off normal to the surface when gravity acts parallel to the vertical surface, etc. In order to develop a better understanding of the process, three dimensional numerical simulations of flow boiling are carried out. In the following, a brief review of studies reported in the literature is provided.
Experimental Studies
Contact angle is the angle formed at a point on the line of contact of three phases, liquid, vapor or gas, solid. Static contact angle depends primarily on the interfacial tensions between solid and liquid, vapor and liquid and solid and vapor. However, the mechanism of dynamic contact angle is complex and has not been resolved yet. Few studies have been done concerning the contact angle variation during boiling process. Lin et al. [2] reported that the contact angle varies with the velocity of the interface. Van Helden et al. [3] carried out an experimental study of bubble detachment in vertical flow. Water was the test fluid. They studied nitrogen bubbles and steam bubbles in saturated water. The variation of bubble departure radii, advancing and receding contact angles with liquid bulk velocity were studied. They confirmed the inverse relationship between detachment radius and liquid velocity. Kandlikar et al. [4] reported an experimental study of upstream and downstream contact angles. They tested water in a rectangular aluminum channel 3 mm× 50 mm cross section and 300 mm long. The upstream and downstream contact angles were measured from the top and the side views of bubbles. A model on a control volume approach was developed for the front and rear regions of a bubble. They concluded that the upstream and downstream contact angles are dependent on the flow velocity. Kandlikar et al. [5] presented their experimental work and stated that as the surface velocity increases, the receding contact angle drops to a low value and then remains almost constant for higher velocities. However, the advancing contact angle does not change appreciably with the relative surface velocity.
Maity [6] investigated the effect of bulk velocity, liquid subcooling and angles of inclination of the boiling surface with the direction of gravity on bubble dynamics. He conducted experiments on micro-machined silicon wafers, with velocities varying from 0.076 m/s to 0.25 m/s, surface orientations from horizontal to vertical through 30 • , 45 • , and a case of inclined downward facing surface. In the experiments, bulk liquid (water) subcoolings varied from 0.2 • C to 5.5 • C and wall superheats from 4.6 • C to 6.9 • C. He found that the upstream and downstream contact angles were different during the boiling process.
Numerical Studies
In 1994, Sussman et al. [7] presented a level-set approach for computing incompressible two-phase flow. By keeping the level set as a distance function, the interface was easily captured by the zero level-set. The calculations were for air bubbles in water and falling water drops in air and got satisfactory results. Though the level-set method is easy to use, the numerical discretization of the level-set formulation does not satisfy mass conservation in general. Chang [8] introduced a volume correction step to the level-set formulation in 1996. By solving an additional Hamilton-Jacobi equation to steady state, the mass was forced to be conserved.
In 1999, Son et al.
[9] developed a model for growth of an isolated bubble on a heated surface using complete numerical simulation. The model, based on Sussman's level-set method, captures the bubble interface and offers many improvements over previously published models. It yields the spacial and temporaltakes distribution of the wall heat flux, the microlayer contribution and the interface heat transfer. In this model a static contact angle was used both for the advancing and receding phases of the interface. However, the numerical results agreed well with data from experiments. One possible reason is the constant contact angle used in the numerical studies represents the average value of the advancing and receding contact angles (static contact angle) and the bubble is symmetrical in pool boiling case. Also, the time over which the receding contact angles prevails is much shorter than that for the advancing contact angle. In 2001, Son [10] modified Chang's formulation and included the volume correction formulation into the boiling heat transfer model.
OBJECTIVE OF THE PROPOSED WORK
The existing studies on boiling bubble dynamics studies are mainly experimental in nature and to the best of the authors' knowledge, no direct numerical simulation on flow boiling has been performed. The purpose of this work is therefore to numerically study the single bubble dynamics during flow boiling.
The objectives of the present work are as follows: To validate the numerical result, predictions from the model are compared with data from experiments. These comparisons serve in identification of the strengths and weaknesses of the model and show how the results from the model should be improved.
NUMERICAL MODEL
This section presents the 3D computational model used in this study which was originally developed for pool boiling by Son et al. [9] . In this model, the compuational domain is divided into the micro region and macro region. The micro region is a thin film that lies underneath the bubble, whereas the macro region consists of the bubble and the liquid surrounding the bubble. The governing equations for mass, momentum and energy are numerically solved for each of these two domains. Only half of the bubble is considered since the bubble is symmetric about the flow direction. A staggered grid is used in the finite difference scheme. To accelerate computation, multigrid and block correction methods are used. The discretized equations are solved by a line-by-line TDMA(Tri-diagonal Matrix Algorithm). Fig. 1 shows the computational domain used in the numerical simulation. Level set formulation is used to track the interface. The following mathematical derivations have been taken from Son et al. [9] and Son and Dhir [11] . The level-set function, φ , is defined as the signed distance function from the interface.
The negative sign is chosen for the vapor phase and the positive sign for the liquid phase. The distance function φ is zero at the interface separating the two phases. The shape of the growing bubble is tracked by noting the zero level-set. The governing equations of mass, momentum and energy for the vapor-liquid region can be formulated as,
The level-set function φ is advanced at the rate of the interfacial velocity u int and is reinitialized as,
where φ 0 is a solution of Eq. (4), τ is an artificial time. To eliminate volumn loss effects, Eq. (6) is added to the whole calculation procedure, where V is the bubble volume and V 0 is the bubble volume which should satisfy mass conservation. Generally speaking, bubble volume, V , calculated from Eq. (5) follows,
where ϕ is the dynamic contact angle, u in (y) and T in (y) are the velocity and temperature profiles at the inlet respectively. In order to capture the flow and temperature field surrounding the bubble, the computational domain is moved with the bubble sliding velocity. The contact angle variation at the bubble base is shown in Fig. 2 . At any time step, we use a smoothed function to get the dynamic contact angle ϕ along the bubble base according to β, which is the angle with respect to the center line.
The simulations are carried out on a uniform grid (∆x = ∆y = ∆z). All simulations consider only half of the bubble, exploiting the planar symmetry of the geometry. The initial thermal boundary layer thickness, δ T , is evaluated from the turbulent boundary layer heat transfer correlation, The initial temperature and velocity profiles are written as,
During the computations, time steps are small enough to satisfy the CFL condition.
The volume expansion due to microlayer evaporation is added using the model by Son et al. [9] .
RESULTS AND DISCUSSIONS
The length scale and velocity scale are defined as l 0 = σ/g(ρ l − ρ v ) and u 0 = √ gl 0 , respectively during numerical simulations. All the physical properties are evaluted for saturated water at one atmosphere pressure. Using these properties, the characteristic length scale is 2.5 mm. Numerical simulations were first conducted for vertical upflow case. The wall superheat and bulk flow velocity were taken to be 5 K and 0.076 m/s, respectively. These values were chosen so that the numerical results could be compared with the available experimental data.
The definition of sliding velocity and dependence of contact angle on sliding velocity is given in Fig. 3 . Data for the contact angle was reduced from video pictures of Maity [6] and a best fit to the data was obtained. It can be seen that the upstream contact angle initially increases but becomes small when the bubble sliding velocity is high. We consider the contact angle to be advancing when it slides over the vapor region, otherwise it is considered to be the receding contact angle. The contact line velocity is positive when the corresponding contact angle is the receding contact angle, otherwise the contact line velocity is negative. The large scattering in data is a result of ambiguity of the image quality and the uncertainty in the measurements. However, the upstream contact angle decreases sharply when the velocity increases to about 0.1 m/s. After that, there is not much difference between upstream and downstream contact angles. This is probably because the contact line drags some liquid underneath the bubble when the contact line velocity is high enough. Hence there may be a liquid layer present between the bubble and the heating surface. This causes the dynamic contact angle on the upstream side to be small. The best fit of the contact angle was used as an input to the numerical model.
To choose an appropriate mesh size, grid sensitivity was tested with 104, 128, 144 and 160 mesh points in the flow direction. The total nondimensional length in the flow direction is 4. The results are plotted in Fig. 4 . As the grid numbers increase, the relative difference in the bubble growth rates becomes small. For 144 and 160 grid points, the difference in the bubble growth periods is less than five percent. The corresponding difference in the bubble lift off time is less than two percent. To save computing time without losing too much accuracy, all the computations in this study are based on 144 grid points. Fig. 5 shows the velocity field in and around the bubble as obtained from numerical simulations. During the early period of bubble growth, the bubble shape is almost sperical because of the surface tension force. As the bubble grows and begins sliding, the bubble becomes elongated in the direction normal to the heating surface, resulting in elliptical bubbles. Also the bubble base diameter changes as it slides and when the bubble base reduces to zero, the bubble lifts off from the surface. For the vertical flow boiling case, the gravity direction is parallel to the heating surface so there is no lift off force due to gravity. Fig. 6 shows the temperature field around the bubble. As the bubble slides, the thermal layer behind the bubble become thicker, but the temperature gradient near the heating surface under and surrounding the bubble increases. This in turn corresponds to an increase in heat flux. distance between numerical simulation and experiemental data. It can be seen that the numerical results somewhat overpredict the bubble diameter at departure, growth period and sliding distance. Fig. 8 shows the pressure contours when the bubble is about to lift off. The pressure on the top of the bubble is smaller than the pressure at the bubble base. As a result of this pressure difference the bubble lifts off normal to the gravity vector.
Nusselt number (Nu) based on heat transfer coefficient averaged over the heating surface is plotted in Fig. 9 . During the bubble base expansion period, Nu increases because the bubble base area increases. After some time, Nu decreases because the bubble base starts to shrink. In the experiments, the bubbles appear cyclically. Because of this, the heat transfer in the experiments may be different from those from numerical simulation for single bubble. The numercial simulation of multiple bubble cycles will be carried out in the future.
The model was applied to surfaces at 45 • , 30 • to the horizontal line. Fig. 10, 11 show the numerical results for the two cases respectively. In both cases, the numerical predictions for bubble growth, bubble diameter at lift-off and bubble sliding distance are found to be in reasonable agreement with the experimental data. The magnitude of gravity normal and parallel to the heater surface changes with the orientation of heater surface. This has an effect on bubble lift off time. The normal component of gravity decreases with increase in angle of inclination. Thus, the contribution of buoyancy becomes smaller when angle of inclination is increased. As a result, the bubble needs to grow to a bigger size to get enough lift to detach from the surface.
CONCLUSIONS
1. Numerical simulations of bubble dynamics during nucleate flow boiling is carried out without any approximation of the bubble shape. The effect of microlayer evaporation is included in the study. 
The dynamic contact angles in upstream and downstream
sides are different if the bubble sliding velocity is small. 3. The pressure difference across the bubble lifts the bubble off from the surface for the vertical upflow boiling case. 4. There may be a liquid layer underneath the bubble when the bubble sliding velocity is large and this causes the dynamic contact angle to become small. 5. By employing the dynamic contact angle and velocity relation, the numerical results agree reasonably well with the experimental data. 
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